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Y-, Ce-doped TiO2-(N2-HT) were prepared by a modified sol-gel chemical route. For the sake of comparison, the as-prepared oxide material was also heat-treated in dinitrogen and dihydrogen gas atmosphere at 600 ºC. The derivative peak-fitting of diffuse reflectance (DPR) revealed several optical band energies, as a result of the modification by Y, Ce and gas as doping agents.

BET surface of samples as well as microstrain, deduced from XRD analysis, are function of the materials' crystallite size. Titania's surface chemistry was not affected by the heat treatment under N2 and H2. Finally, a similar photocatalytic effect was obtained with Y-TiO2-(N2-HT) and TiO2-(H2-HT). This phenomenon was correlated with the resistivity at the grain boundary, and to the intergranular resistivity.

Introduction

Titanium dioxide (anatase) has been widely used as photocatalytic, and as support for metal nanoparticles in electrocatalysis [START_REF] Camacho | Enhancing oxygen reduction reaction activity and stability of platinum via oxide-carbon composites[END_REF][START_REF] Fehse | Nb-Doped TiO2 Nanofibers for Lithium Ion Batteries[END_REF][START_REF] Siracusano | Preparation and characterisation of Ti oxide based catalyst supports for low temperature fuel cells[END_REF][START_REF] Yang | Au/TiO2 catalysts prepared by photo-deposition method for selective CO oxidation in H2 stream[END_REF][START_REF] Li | Core-shell TiO2/C nanofibers as supports for electrocatalytic and synergistic photoelectrocatalytic oxidation of methanol[END_REF][START_REF] Tsai | Interplay between Molybdenum Dopant and Oxygen Vacancies in a TiO2 Support Enhances the Oxygen Reduction Reaction[END_REF][START_REF] Zhao | Strong Metal-Support Interactions Enhance the Pairwise Selectivity of Parahydrogen Addition over Ir/TiO2[END_REF][START_REF] Díaz-Real | Highly photoactive Brookite and Anatase with enhanced photocatalytic activity for the degradation of indigo carmine application[END_REF]. The anatase phase with an energy gap of 3.2 eV, is photo sensitive from 387 nm down into the UV wavelength region [START_REF] Daghrir | Modified TiO2 For Environmental Photocatalytic Applications : A Review[END_REF]. For photocatalytic applications, in the visible region TiO2 (Anatase) has been doped with metals and non-metal elements [START_REF] Daghrir | Modified TiO2 For Environmental Photocatalytic Applications : A Review[END_REF]. Density Functional theory (DFT) calculations, considering transition and non-metal doping elements, revealed some inspiring results [START_REF] Meng | Understanding electronic and optical properties of anatase TiO2 photocatalysts co-doped with nitrogen and transition metals[END_REF][START_REF] Nolan | Surface modification of TiO2 with metal oxide nanoclusters: a route to composite photocatalytic materials[END_REF][START_REF] Valentin | Trends in non-metal doping of anatase TiO2: B, C, N and F[END_REF]. H2 gas has also been considered in the heat treatment as a doping agent [START_REF] Wheeler | Probing the nature of bandgap states in hydrogen-treated TiO2 nanowires[END_REF]. The interaction between TiO2 and molecular hydrogen, at high temperatures, induces some surface defects as oxygen vacancies [START_REF] Yu | Highly enhanced photoactivity of anatase TiO2 nanocrystals by controlled hydrogenation-induced surface defects[END_REF][START_REF] Dette | TiO2 Anatase with a Bandgap in the Visible Region[END_REF][START_REF] Valentin | Reduced and n-Type Doped TiO2 : Nature of Ti 3+ Species[END_REF]. Nevertheless, it is not clear that another molecular gas, for the sake of doping, could promote a similar phenomenon.

For this purpose, it is necessary to find new tools, which can provide the modification of the main phase with a standard material. Therefore, the peak adjustment derived from the diffuse reflectance (DPR) applied in the UV-vis analysis can deconvolute the optical band gap energy of the phases present in the semiconductor oxide, an analysis that we consider an economic and quantitative method. [START_REF] Pennington | Changes in Polymorph Composition in P25-TiO2 during Pretreatment Analyzed by Differential Diffuse Reflectance Spectral Analysis[END_REF]. Furthermore, the analysis of the electrical properties of semiconducting materials, in powder form, can be done by Impedance Spectroscopy (IS).

Indeed, this tool can also discriminate the resistance of the grain (intergranular) from the resistance between the grains (grain boundary). Thus, if the resistivity of the oxide material changed, this effect could be associated either to vacancies or to the metal oxidation states [START_REF] Korshunov | Application of impedance spectroscopy to study oxidized powders of titanium hydride[END_REF].

Moreover, vacancies can be related to the chemical stability of the material after testing the photocatalyst via a model reaction. It is important to recall that an electronic effect can be expected to be the result of the interaction between the nanoparticulated catalytic center and the oxide support [START_REF] Lewera | Metal-Support Interactions between Nanosized Pt and Metal Oxides ( WO3 and TiO2) Studied Using X-ray Photoelectron Spectroscopy[END_REF]. In this context, the nature of the oxide may or may not increase the accumulation of electrons at the surface of the catalytic center, and can be labelled a weak metalsupport interaction (WMSI) or a strong metal-support interaction (SMSI) [START_REF] Pan | Tuning/exploiting Strong Metal-Support Interaction (SMSI) in Heterogeneous Catalysis[END_REF]. These two kinds of interactions can be generated during the chemical synthesis route of metal (e.g., Pt) nanoparticles [START_REF] Vogel | Probing metal substrate interaction of Pt nanoparticles : Structural XRD analysis and oxygen reduction reaction[END_REF][START_REF] Luo | A highly efficient and stable oxygen reduction reaction on Pt/CeOx/C electrocatalyst obtained via a sacrificial precursor based on a metal-organic framework[END_REF][START_REF] Rajeshwar | Photocatalytically Prepared Metal Nanocluster -Oxide Semiconductor -Carbon Nanocomposite Electrodes for Driving Multielectron Transfer[END_REF].

The photo-deposition of nanoparticles onto Anatase induced the SMSI effect [START_REF] Mori | A new application of photocatalysts: synthesis of nano-sized metal and alloy catalysts by a photo-assisted deposition method[END_REF][START_REF] Ma | Photohole trapping induced platinum cluster nucleation on the surface of TiO2 nanoparticles[END_REF][START_REF] Gago | Tolerant chalcogenide cathodes of membraneless micro fuel cells[END_REF]. In this sense, the physical properties of the oxide are important to be considered, as support, for the interaction with the catalytic center [START_REF] Estudillo-Wong | Support Interaction Effect of Platinum Nanoparticles on Non-, Y-, Ce-Doped Anatase and Its Implication on the ORR in Acid and Alkaline Media[END_REF]. As a consequence, various doped oxides such as Ti0.7Sn0.3O2, Ti0.7Ru0.3O2 and Ti0.7Mo0.3O2 have been used as supports to modify the catalytic center [START_REF] Tsai | Interplay between Molybdenum Dopant and Oxygen Vacancies in a TiO2 Support Enhances the Oxygen Reduction Reaction[END_REF][START_REF] Pan | Tuning/exploiting Strong Metal-Support Interaction (SMSI) in Heterogeneous Catalysis[END_REF][START_REF] Gao | Preparation and characterization of Ti0.7Sn0.3O2 as catalyst support for oxygen reduction reaction[END_REF][START_REF] Ho | Robust non-carbon Ti0.7Ru0.3O2 support with co-catalytic functionality for Pt: enhances catalytic activity and durability for fuel cells[END_REF][START_REF] Nguyen | Applied Catalysis B : Environmental catalytic activity and stability for oxygen reduction reaction[END_REF], necessary for electrocatalytic applications [START_REF] Camacho | Enhancing oxygen reduction reaction activity and stability of platinum via oxide-carbon composites[END_REF][START_REF] Estudillo-Wong | Enhanced oxygen reduction reaction stability on platinum nanoparticles photo-deposited onto oxide-carbon composites[END_REF]. In this work, the Anatase phase of TiO2 was prepared by a modified sol-gel chemical route and doped with two metals, i.e., yttrium and cerium. The un-doped TiO2 material (as-prepared) was separately heat-treated under N2, and H2 gas at 600 °C. The physical properties were analyzed by UV-Vis, powder Xray diffraction (pXRD) and powder Impedance Spectroscopy (pIS). The effect of the dopants was further analyzed by heterogeneous photocatalysis.

Experimental

Synthesis of TiO2 based materials.

Y-, Ce-TiO2 oxides were prepared as follows. For Y-TiO2 or Ce-TiO2, 0.622 g of YCl3 (99.9 % Alfa-Aesar) or 0.789 g of CeCl3 (99.9 % Alfa-Aesar) were dissolved in 30 mL of isopropanol, respectively, in ice/water bath (ca. 4 °C) for 4 h. To obtain a ratio of Ti/M = 7 mol / 3 mol, 3783 µL of titanium isopropoxide (TIP, 99.9 % Sigma Aldrich) were added and further mixed at ca. 4 °C for 16 h, then stirred and heated up 80 °C. To hydrolyze TIP, 2 mL of 0.7 M H2SO4 were added to a pH close to 1 during the synthesis for 12 h. Subsequently, the isopropanol was evaporated at 98 °C. For Y-, Ce-TiO2, the as-prepared material was heat-treated at 400 °C for 1 h under N2 (99.9 %) atmosphere. For the sake of comparison, the as-prepared TiO2 material was heat-treated at 600 °C for 1h under N2 or H2 atmosphere. The samples were labelled as TiO2-(N2-HT) or -(H2-HT) respectively. Finally, the nanoparticulated oxides were rinsed, with ultra-pure water, and dried at 60 °C overnight. The as-prepared TiO2 material heat-treated in air at 400 or 600 °C served as reference. For sake of clarity, 4 and 6 were added the samples' name corresponding to heat-treatment at 400, and 600 ºC, respectively.

Powder Impedance Spectroscopy (pIS).

For the impedance spectroscopy studies, the powders were placed in a homemade two-electrode cell. The system consists of a hollow cylinder made of Plexiglas material, in which two metallic gold decorated cylinders (0.2 cm 2 cross-section) served as electrodes. First, a defined amount of mass of the sample is placed to fill the surface of the electrode in the cell. Thereafter, the sample was submitted to 25 lb in -2 (172.4 kPa). To normalize the pIS measurements, the distance between the electrodes (typically 5 to 8 mm) was measured to obtain the resistivity as a function of the frequency. The impedance measurements were done at open circuit potential with 14 mV rms in the interval of frequency from 7 MHz to 0.1 Hz. In the impedance spectroscopy analysis, the relative residual errors were evaluated according to the Monte Carlo simulation, described in the supplementary material (SM).

Photocatalysis

The in-situ photodegradation process was carried out in a vertical photo-reactor. The concentration of the dye (Reactive Black 5, RB5) and catalyst were fixed at 13 mg L -1 and 0.67 g L -1 , respectively. First, 20 mg of catalyst, were ultrasonically dispersed in 20 mL during 5 min using an ultrasonic finger. The mixture was saturated with oxygen for 20 min and consequently, the UV-Vis lamp was turned on. A photodetector was placed at the top of the photo-cell to determine the transmitted light in the interval from 400 to 1100 nm. Twenty min were necessary in order to stabilize the intensity of the lamp. Then, 10 mL of dye was added to the mixture to reach a final concentration of 13 mg L -1 . After the experiment, the catalyst was removed by centrifugation. Then, UV-Vis analysis was performed in order to determine the final concentration of the dye (see SM).

Absorbance and pXRD analysis

Kubelka-Munk transformation (Tauc method) and derivative peak-fitting diffuse reflectance (DPR) analyses. Kubelka-Munk transformation (Tauc method) and DPR analyses were obtained from Diffuse Reflectance Spectroscopy recorded in a spectrophotometer UV-Visible-PIR Varian "Cary 5000", double UV-Visible-PIR beam (spectral range from 175 to 3300 nm) equipped with a Praying Mantis TM . The specific surface area was calculated from Brunauer-Emmett-Teller (BET) method based on the adsorption isotherm. Powder X-ray diffraction (pXRD). X-ray diffraction studies were performed on an Empyrean Panalytical X-ray diffractometer using Cu-Kα radiation (λ= 0.15406 nm) for all XRD analyses.

The Powder X-ray Diffraction (pXRD) patterns were obtained using high resolution stepscanning mode, slit at 1/16° and, counting time of 240 s / 0.05° in the range of 10° -140°. The structural phase was identified in pXRD pattern using the Joint Committee on Powder Diffraction Standard International Centre for Diffraction Data (JCPDS-ICDD) and COD database [START_REF] Grazulis | Crystallography Open Database -An openaccess collection of crystal structures[END_REF]. The instrumental resolution function was performed using LaB6 as a standard powder sample, prior to Rietveld refinement of pXRD spectra. The angular variation of the fullwidth at half-maximum (FWHM instrumental, βinstrumental) of the diffraction lines was represented by Caglioti relationship, implemented in the MAUD software [START_REF] Lutterotti | Total pattern fitting for the combined size-strain-stress-texture determination in thin film diffraction[END_REF].

Results and discussion

3.1.Physical characterization

Kubelka-Munk (Tauc method) and DPR analyses. 

Where, x (µm) is the depth below the surface reached by the photons, E0 (keV) is the incident energy of the photon beam, and ρSA (g cm -3 ) is the density of the sample.

According to Figure 1, we need at least 5 eV to calculate the OBGE parameter in all the samples. Thus, in anatase or rutile with density of 3.78 or 4.23 g cm -3 , respectively, the penetration depth of photons accelerated to 0.004 keV would be approximately at the interval from 5 to 8 pm. Therefore, the mass-weight percent derived from the DPR analysis, could be considered a surface composition analysis. Figure 2 depicts the DPR analysis (for details see the SM) for TiO2 based materials. The OBGE value of TiO2-(Air-HT)-4 is lower than P25 sample (see Table 1), an indication that anatase phase is less amorphous. This phenomenon was not the same when the sample was heattreated in nitrogen atmosphere. TiO2-(N2-HT)-4 sample shows two phases, where one phase is clearly the anatase one (3.439 ± 0.007 eV) in comparison with TiO2-(Air-HT)-4 sample. A second phase, with OBGE value of 3.593 ± 0.008 eV, could be associated with a doping element in TiO2 induced by the dinitrogen heat-treatment. Moreover, the Anatase phase was only detected by pXRD analysis (cf. Figure 3(A). Hence, the surface composition analysis for this phase was calculated ca. 22.5% (cf. ). As we can see, there is a clear modification of the opto-electronic properties of these materials. First, the temperature induces the formation of the rutile phase from the as-prepared sample in the TiO2-(Air-HT)-6 sample. This process has just been reported, following the pXRD analysis as a function of temperature [START_REF] Khatun | Anatase to rutile phase transition promoted by vanadium substitution in TiO2: A structural, vibrational and optoelectronic study[END_REF]. Furthermore, theses mixed phases were detected in TiO2-(N2-HT)-6 sample at 600 ºC, as compared to TiO2-(N2-HT)-4 sample heat-treated at 400 ºC. Besides, Yu et. al., [START_REF] Yu | Highly enhanced photoactivity of anatase TiO2 nanocrystals by controlled hydrogenation-induced surface defects[END_REF] reported that TiO2 heat-treated at temperatures lower than 700 ºC, in hydrogen gas, can only induce the formation of anatase phase. At 600 ºC, we detected one phase in TiO2-(H2-HT)-6 sample, in which OBGE value slightly increases with respect to TiO2-(Air-HT) sample at 600 ºC (cf. Table 1). Therefore, the DPR analysis, compared to Tauc's method (cf. Fig. 1), revealed different phases. The DPR method predicts a single OBGE value and it is difficult to distinguish the contribution of each phase with the optoelectronic properties. The surface BET analysis follows the order TiO2-(Air-HT)-6 ≅ Y-TiO2-(N2-HT)-4 > Ce-TiO2-(N2-HT)-4 > TiO2-(H2-HT)-6, Table 1. This parameter is discussed in the pXRD section.

Table 1. BET surfaces and the optical band-gap energies (OBGE) for non-doped and doped TiO2.

*as-received, the values of standard deviations are in parentheses Powder X-ray diffraction and BET analyses. X-ray diffraction analyses were done on all heattreated oxides with N2 gas. Figure 3 the order TiO2-(N2-HT)-4 > Ce-TiO2-(N2-HT)-4 > Y-TiO2-(N2-HT)-4. In the same line, the unit cell volume was modified, cf. Table 1, as well as the crystallite size, and the microstrain (ε). of frequency for TiO2-(N2-HT)-4 material, equations ( 3)-( 4).
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Where Zr and -Zj are the real and imaginary parts of the impedance response; R1 and Ri are the intergranular resistance and the resistance at the grain boundary, respectively and, Ci is the capacitance built among the powder particles [START_REF] Korshunov | Application of impedance spectroscopy to study oxidized powders of titanium hydride[END_REF], and τ is the time-constant.

Therefore, the intergranular resistance (R1) and the resistance at the grain boundary (Ri) can be transformed to the intergranular resistivity (ρ1) and resistivity at the gran boundary (ρi), according to equation ( 2). Rationalizing, the variation of these parameters could indirectly confirm, where the doping element is located, via the modification of the resistivity at the crystallite oxide, in comparison with the reference sample. The results are summarized in Table 2 and, based on equation ( 2), the intergranular resistivity (i.e., ρ1) in TiO2-(N2-HT) was 3.58 ± 0.25 kΩ cm. According to Table 2, the resistivity at the grain boundaries (i.e., ρi) increases from 48.21 to 301.14 kΩ cm. This latter refers to the ohmic contact between grains. Moreover, the Nyquist behaviour is not well defined for Y-, and Ce-doped TiO2-(N2-HT)-4 and the experimental data were unlikely to be fitted. The maximum measured real part for the impedance response was obtained at 0.1 Hz for Y-, Ce-TiO2-(N2-HT)-4, a frequency lower than on TiO2-(N2-HT)-4. However, it is not straightforward to confirm which is the origin of the intergranular resistance in Y-, Ce-TiO2-(N2-HT)-4. Based on pXRD and DPR analyses, Y-, and Ce-TiO2-(N2-HT)-4 can form one or some mixed-oxide photoactive phases in the sample. Therefore, the charge carrier concentration can decrease the ohmic resistance at the grain boundaries without influencing the intergranular resistance, see Figure 4(A).

The Nyquist plot for TiO2-(H2-HT)-6, TiO2-(N2-HT)-6, and TiO2-(Air-HT)-6, heat-treated at 600ºC, are shown in Figure 4(B). Since the impedance behaviour is not well defined, the spectra were not fitted. The analysis of the impedance response shows that the response of TiO2-(N2-HT)-6 oxide, compared to TiO2-(Air-HT)-6, is shifted to lower resistance under the same conditions. Based on equations ( 3) and ( 4), the decrease of the resistance, in the real part of the impedance, can be related to the ohmic resistance between grains. The measurements labelled "scan 1" and "scan 2" refer to before and after photodegradation experiments, see Figure 4. The recorded impedance, after each scan, showed a response fitted using 3 times-constants. Such an analysis put in evidence that the intergranular resistivity, before and after photo-degradation, decreases from 9.06 ± 0.45 to 1.21 ± 0.05 kΩ cm, respectively. The ohmic resistivity at the grain boundaries also revealed the same trend, see Table 2. Yoo et al., [START_REF] Yoo | Kinetic mechanism of TiO2 nanocarving via reaction with hydrogen gas[END_REF]. suggested the formation of titanium interstitials (as Ti 3+ ions) when H2 gas reacted with TiO2 at 700 ºC, according to equation ( 5).
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This equation indicates that TiO2-x(s) can be formed at the surface of TiO2 particles. The vacancy of oxygen can be then related to a lack of conductivity in the lattice of TiO2 and the grain boundaries [START_REF] Yoo | Kinetic mechanism of TiO2 nanocarving via reaction with hydrogen gas[END_REF]. The resistivity measurements can explain why the heattreatment with molecular hydrogen reduces some Ti 4+ ions to produces Ti 3+ ions as Based on the results shown in Table 3, the kinetic parameter calculated on Y-TiO2-(N2-HT)-4 was close to TiO2-(Air-HT)-4 material. In the illumination period of 40 min, there is a clear degradation difference of the dye on the tested oxides. Therefore, Y-TiO2-(N2-HT)-4 is more efficient than TiO2-(Air-HT)-4 and Ce-TiO2-(N2-HT)-4 materials, Figure 5(A). In gas (N2, H2) heat-treated TiO2 samples, Figure 5(B), the behaviour portrays a similar trend in comparison to those obtained in metal doped-TiO2 samples. We can clearly observe that the photocatalytic effect is also a function of the gas-heat treatment.

The kapp parameter in TiO2-(H2-HT)-6 at the Scan 1, was the highest value in comparison to TiO2-(N2-HT)-6 and TiO2-(Air-HT)-6, Table 3. However, TiO2-(H2-HT)-6 materials is not stable. This phenomenon is discussed in the next section.

Stability test.

The stability of TiO2-(H2-HT)-6 sample was tested on two sequential photodegradation processes, Table 3. First, the photo-degradation process was carried out with the catalyst labelled as scan 1. In the scan 2, the liquid was exchanged and the second photo-degradation process was done. Figure 6 (1.10 ± 0.050 to 0.16 ± 0.07). Thus, the decrease of the photocatalytic activity may be associated with a decrease of the resistivity at the grain boundaries, cf. Table 2, which means that Ti 3+ species are photo-oxidized to Ti 4+ during the photo-degradation process. TiO2-(N2-HT)-4 samples (from 3.394 ± 0.003 to 3.426 ± 0.014 eV, see Table 1) support this expectation. Then, the resistivity at the grain boundary, and the resistivity in the grain (intergranular) reveals the differences in photo-catalytical process. The resistivity at the grain boundary has a major impact in the surface photo-catalytic process, as demonstrated by the photo-electrochemical measurements (see section SV, in the SM), whereas, the intergranular resistivity can be associated with the intergranular photo-catalytic process. 

Conclusion

TiO2 was modified by Yttrium and Cerium elements as dopants. The pIS analyses revealed that the doping element modified the resistivity at the grain boundaries and at the intergranular.

These results were associated with the deconvolution obtained in the DPR analysis, and with the degree of the dye photo-degradation. Powders of Y-TiO2-(N2-HT)-4 and TiO2-(H2-HT)-6

showed the best photocatalytic effect. However, Ti 3+ sites in TiO2-(H2-HT)-6 sample was not preserved.
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Figure 1

 1 shows the direct-transition Kubelka-Munk absorption spectra of TiO2-(Air-HT), TiO2-(N2-HT), Y-TiO2-(N2-HT) and Ce-TiO2-(N2-HT) samples. For the sake of comparison, Figure 1(A) presents the absorbance (KMfunction) of TiO2-(Air-HT)-4 and Y-, Ce-TiO2-(N2-HT)-4 materials, heat-treated at 400 ºC. In this figure, the absorption edges of, heat-treated samples at 400°C, M:TiO2-(N2-HT)-4, shifted towards higher energy with respect to TiO2-(Air-HT)-4, assessing that the doping effect of Y and Ce modify the optical band gap energy (OBGE) [10]. The direct-or indirect OBGE value decreased in the order TiO2-(Air-HT)-4 (3.70 eV) > Y-TiO2-(N2-HT) (3.64 eV) > Ce-TiO2-(N2-HT) (3.58 eV), see Table SII.2 in SM. Additionally, Figure 1(B) compares TiO2-(Air-HT)-6 materials with TiO2-(N2-HT)-6 and TiO2-(H2-HT)-6 heat-treated at 600°C. Herein, the absorption edges of the three samples overlap.

Figure 1 .

 1 Figure 1. Kubelka-Munk analysis (Tauc method) of gas-heat-treated samples. (A) Y-, Ce-TiO2-(N2-HT)-4 (M = Y or Ce), and TiO2-(Air-HT)-4, heat-treated at 400°C. (B). TiO2-(Air-HT)-6 and TiO2-(N2-HT)-6, heat-treated at 600 °C. Inset: a zoom in the interval from 3 to 7 eV.

Figure 2 .

 2 Figure 2. DPR analysis of gas-heat treated samples at 400 (4) or 600 ºC (6). (A) TiO2-(Air-HT)-4, TiO2-(N2-HT)-4, Y-, Ce-TiO2-(N2-HT)-4 (M = Y or Ce). (B) TiO2-(H2-HT)-6, TiO2-(N2-HT)-6, and TiO2-(Air-HT)-6. The reference P25 sample is shown in (A).

Figure 2 (

 2 Figure 2(A) compares TiO2-(Air-HT)-4, TiO2-(N2-HT)-4, M-TiO2-(N2-HT)-4 (M = Y or Ce)samples heat-treated at 400 ºC. The P25 sample was used as reference. As known, P25 has two phases (anatase and rutile), that were easily deconvoluted with DPR analysis.[START_REF] Pennington | Changes in Polymorph Composition in P25-TiO2 during Pretreatment Analyzed by Differential Diffuse Reflectance Spectral Analysis[END_REF] The anatase phase is only present in the TiO2-(Air-HT)-4 sample with an OBGE value of 3.354 ± 0.002 eV.

  In Y-and Ce-TiO2-(N2-HT)-4 samples, we can confirm two phases as previously discussed for TiO2-(N2-HT)-4. Analyzing the position of anatase phase, the OBGEs values follow the order TiO2-(N2-HT)-4 ≅ Ce-TiO2-(N2-HT)-4 > Y-TiO2-(N2-HT)-4 ≅ TiO2-(Air-HT)-4. On the other hand, Figure 2(B) illustrates TiO2-based materials heat-treated at 400 and 600 ºC in two different atmospheres (H2 and N2

  (A) contrasts the powder X-ray diffraction (pXRD) for TiO2-(N2-HT)-4, Y-TiO2-(N2-HT)-4 and Ce-TiO2-(N2-HT)-4 samples. We can clearly observe that in all samples the predominant phase is Anatase (I41/amd1, PDF#84-1286). The presence of a mixed-oxide could be detected in the Ce-TiO2-(N2-HT)-4 sample, namely Ce4Ti9O24 (PDF#49-1607), CeTi2O6 (COD#9001106) and Rutile (PDF#21-1276). Rietveld refinement (RF), on the other hand, assessed the modification of the structural properties, see data summary

Figure 3 .

 3 Figure 3. (A) Powder X-ray diffraction (pXRD) and (B) correlation of BET, and microstrain as a function of the crystallite size of Y-, Ce-TiO2-(N2-HT)-4, and TiO2-(N2-HT)-4.

Table 2 .

 2 Data fitted circuit element parameters for TiO2-(N2-HT)-4 and TiO2-(H2-HT)-6. ) / ρ1 (kΩ cm)

27 a

 27 TiO2-(H2-HT)-6 before (Scan 1), and b TiO2-(H2-HT)-6 after photocatalytic experiments (Scan 2).

  2 are referred to before and after photocatalytic experiments, respectively. The standard deviations data are in parentheses.

  photo-degradation process was done. Figure6shows the photo-degradation trend on TiO2-(H2-HT)-6 material compared to TiO2-(N2-HT)-6 and TiO2-(Air-HT)-6. According to this Figure, all photocatalysts reached the same percentage of degradation at the first scan. The kapp parameter, between Scans 1 and 2, weighs the stability of the photocatalytic effect on TiO2-(N2-HT)-6 and TiO2-(Air-HT)-6, whereas on TiO2-(H2-HT)-6 kapp changes

Figure 6 .

 6 Figure 6. Photocatalytic decomposition rate of RB5-dye on (A) TiO2-(Air-HT)-6, (B) TiO2-(N2-HT)-6 and (C) TiO2-(H2-HT)-6 samples after 2 Scan cycles using the same material as in Figure 6(B), see text.

  Resistivity and capacitance distribution. In order to understand the process in photocatalytic (PC) systems, Figure7schematizes a model of resistivity and capacitance distribution in the powder samples. Based on pIS analyses, the photochemical process is certainly governed by the resistivity of the grain boundaries (ρi). Cerium as dopant induces a metal-like behavior, favoring the transfer of charge at the grain boundaries, whereas in Y-TiO2-(N2-HT)-4, the resistivity at the grain boundary increased. The difference in OBGE values between Ce-TiO2-(N2-HT)-4 and Y-

Figure 7 .

 7 Figure 7. Schematic diagram of the resistance and capacitors distribution between grains for non-doped, doped and gas heat-treated TiO2 samples.

  Table SI.1 in SM).

  in Table1.

	Sample	BET / m 2 g -1	Anatase	Rutile	Unknown	Lattice	Lattice	Unit cell volume / Å 3
		400ºC/600 ºC	Band gap (eV)	Band gap (eV)	Band gap (eV)	a / Å	c / Å	HT = 400 ºC
			400 ºC / 600 ºC	400 ºC / 600 ºC	400 ºC / 600 ºC	HT = 400 ºC	HT = 400 ºC	
	P25*	-	3.554(0.005)	3.153(0.006)	-	-	-	-
	TiO2-(Air-HT)-6	-/ 109.36(0.43)	3.354(0.002) / 3.259(0.005)	-/ 3.152(0.006)	-	-	-	-
	TiO2-(N2-HT)-6	-/ 164.51(0.49)	3.439(0.007) / 3.270(0.003)	-/ 3.168(0.02)	3.593(0.008) / -	3.8878(3 E-4)	9.4904(1.4 E-3)	143.45(0.04)
	TiO2-(H2-HT)-6	-/ 39.26(0.12)	-/ 3.329(0.002)	-	-	-	-	-
	Y-TiO2-(N2-HT)-4	108.34(0.17) / -	3.394(0.003)/ -	-	3.562(0.012) / -	3.7922(5 E-4)	9.4698(2.5 E -3)	136.18(0.07)
	Ce-TiO2-(N2-HT)-4	55.95(0.14) / -	3.426(0.014) / -	-	3.776(0.023) / -	3.8137(3E-3)	9.4708(7.1 E-3)	137.75(0.32)
	One can clearly observe that the lattice parameters, in the directions [100] and [001], decrease in

Table 3 .

 3 Photocatalytic apparent rate constant, kapp, for M-doped TiO2-(N2-HT)-4 and TiO2 heat treated in gas (N2, H2).

Powder Impedance Spectroscopy (pIS) analysis. Figure 4 shows the Nyquist plots for all oxides, heat-treated at 400ºC and 600ºC, respectively. The resistivity was calculated using equation (2).

Where, ρ and Z are the resistivity and impedance as a function of frequency, K is the cell constant, and associated to the surface (A, cm 2 ) and length (l, cm) which are the cross-section area and the distance between the two disks, respectively. Figure 4 reported in the literature [START_REF] Wheeler | Probing the nature of bandgap states in hydrogen-treated TiO2 nanowires[END_REF][START_REF] Yu | Highly enhanced photoactivity of anatase TiO2 nanocrystals by controlled hydrogenation-induced surface defects[END_REF]. One has to recall that TiO2-(H2-HT)-6 was not stable since after a photo-degradation experiment the intergranular resistivity was close to that obtained in TiO2-(N2-HT) at 400 ºC. These results support the expectation discussed in the following sections.

Photo-catalytic (PC) process. These measurements were done on oxide samples using as dye: RB5 (reactive black 5 -C26H21N5Na4O19S6). The effect of RB5 photodegradation, compared to TiO2, is shown in Figure 5 Herein, the most active material was TiO2-(H2-HT)-6. Using the Langmuir-Hinshelwood isotherm, ln(Cads/C) vs. time, the apparent rate constants (kapp / min -1 ) [START_REF] Asenjo | Correct use of the Langmuir-Hinshelwood equation for proving the absence of a synergy effect in the photocatalytic degradation of phenol on a suspended mixture of titania and activated carbon[END_REF] were calculated in the interval from 1 to 6 min, Table 3.